Lignin peroxidase oxidizes non-phenolic substrates by one electron to give aryl-cation-radical intermediates, which react further to give a variety of products. The present study investigated the possibility that other peroxidative and oxidative enzymes known to catalyse one-electron oxidations may also oxidize non-phenolics to cation-radical intermediates and that this ability is related to the redox potential of the substrate. Lignin peroxidase from the fungus Phanerochaete chrysosporium, horseradish peroxidase (HRP) and laccase from the fungus Trametes versicolor were chosen for investigation with methoxybenzenes as a homologous series of substrates. The twelve methoxybenzene congeners have known half-wave potentials that differ by as much as -I V. Lignin peroxidase oxidized the ten with the lowest half-wave potentials, whereas HRP oxidized the four lowest and laccase oxidized only 1,2,4,5-tetramethoxybenzene, the lowest. E.s.r. spectroscopy showed that this congener is oxidized to its cation radical by all three enzymes. Oxidation in each case gave the same products: 2,5-dimethoxy-p-benzoquinone and 4,5-dimethoxy-o-benzoquinone, in a 4: 1 ratio, plus 2 mol of methanol for each 1 mol of substrate. Using HRP-catalysed oxidation, we showed that the quinone oxygen atoms are derived from water. We conclude that the three enzymes affect their substrates similarly, and that whether an aromatic compound is a substrate depends in large part on its redox potential. Furthermore, oxidized lignin peroxidase is clearly a stronger oxidant than oxidized HRP or laccase. Determination of the enzyme kinetic parameters for the methoxybenzene oxidations demonstrated further differences among the enzymes.
INTRODUCTION
Growing evidence indicates that the lignin peroxidase of the fungus Phanerochaete chrysosporium plays a central role in the initial degradation of the complex aromatic polymer lignin [1] [2] [3] [4] . Lignin peroxidase catalyses reactions not normally associated with other peroxidases, that is, oxidation of non-phenolic aromatic substrates. The plethora of products formed from its substrates have been explained as the consequence of multiple, substituent-dependent, reactions taking place after the initial formation of aromatic cation radicals [5] [6] [7] [8] [9] [10] . The same products have been found in experiments with non-enzymatic one-electron oxidants [11, 12] .
The methoxybenzenes, of which there are 12 congeners, were particularly useful as substrates in elucidating the cation-radical mechanism of lignin peroxidase [7] . In the presence of H202, the enzyme oxidizes 10 of the 12 congeners, forming from several of them relatively stable cation radicals [7] . From the kinetics of radical formation, and results of product analyses, we concluded that oxidation of 1,4-dimethoxybenzene by lignin peroxidase results in demethoxylation to give p-benzoquinone and methanol as products. In studies with H218Q we have shown that the quinone oxygen atoms come from water (P. J. Kersten, unpublished work).
The half-wave potentials (E2) of the methoxybenzenes have been determined: these range from 0.81 V to 1.76 V versus a saturated calomel electrode [13] . This allows relationships to be examined between the redox potentials of the substrates and the ability of enzymes to oxidize them by one electron. Hammel et al. [5] reported that lignin peroxidase oxidizes polycyclic aromatics with ionizing potentials of approx. 7 .5 eV or lower. Cavalieri & Rogan [14] reported that HRP will oxidize only those polycyclics with ionization potentials below 7.35 eV.
In the present study we compared lignin peroxidase from P. chrysosporium, horseradish peroxidase (HRP) and laccase from the ligninolytic fungus Trametes (syn. Coriolus or Polyporus) versicolor in their oxidation of methoxybenzenes. HRP was included because it has a catalytic cycle very similar to that of lignin peroxidase [15, 16] , and the redox potentials of HRP compound I/compound II and compound 1I/ferric couples have been well characterized [17] . In contrast with the peroxidases, laccase is a Blue Copper oxidase that catalyses the four-electron reduction of 02 to H20 during its oxidation of phenolics, aromatic amines, ascorbate and metal cyanides [18] . Although some substrates are potential two-electron donors, the Blue oxidases are reduced in one-electron steps. This is due to the reduction mechanism in which Type I copper is the primary electron acceptor. The substrate radicals thus formed take part in further non-enzymic reactions [19, 20] 
MATERIALS AND METHODS Enzymes
Lignin peroxidase isoenzyme H8 was purified [25] from the extracellular broth of cultures of Phanerochaete chrysosporium [26] . It had a specific activity of 22 units-mg-' on the basis of the oxidation of veratryl alcohol at pH 3 [27] . Protein determination of purified H8 was based on an £409 of 168 mm-' cm-' [15] . HRP (Type VI) was purchased from Sigma Chemical Co. (St. Louis, MO, U.S.A.) and used without further purification. The two chromatographic forms, A and B, of laccase from Trametes versicolor were prepared according to previously published methods [28, 29] . Both laccase forms were carefully characterized by optical-absorption, c.d. and e.s.r. spectroscopy. These studies excluded the possibility of any contaminating peroxidases [22] .
Chemicals
Methoxybenzenes and 2,5-dimethoxy-p-benzoquinone were synthesized or purchased as previously described [7] . 4,5-Dimethoxy-o-benzoquinone was synthesized from catechol by the method of Wanzlick & Jahnke [30] (Table 1 ). The three congeners closest to 1,2,4,5-tetramethoxybenzene in half-wave potential also gave spectral changes with HRP, but these clearly occurred more slowly than the rapid oxidation of the 1,2,4,5-congener. In comparison, lignin peroxidase was able to oxidize 10 of the 12 methoxybenzene congeners under similar conditions.
The spectral changes with HRP/H202 and 1,2,4,5-tetramethoxybenzene are shown in Fig. 1 hyperfine coupling parameters were as reported previously for the oxidation by lignin peroxidase [7] and as reported for the cation radical produced chemically [31] . The spectrum generated by oxidation with HRP/H202 is shown in Fig. 2 along with an inset showing the first-order decay of the cation radical; it has The oxidation of 1,3,5-trimethoxybenzene by lignin peroxidase H8 was unusual, not only because the enzyme was rapidly inactivated during the oxidation, but also because it was the only oxidation in the series for which a radical species could easily be detected by e.s.r. spectroscopy using 5,5-dimethyl-1-pyrroline Noxide as spin-trap. The e.s.r. spectra were consistent with trapping of a carbon-centred radical in the absence of 02 and an 02-centred radical in air (results not shown). It is conceivable that inactivation of lignin peroxidase in air is linked to the production of peroxyl radicals, as has been suggested for horseradish peroxidase [32] .
Product analyses
On the basis of our previous results with lignin peroxidase and 1,4-dimethoxybenzene, an expected product from decay of the A similar spectrum was obtained with laccase with magnetic parameters as earlier determined with lignin peroxidase [7] . The inset shows the first-order decay of the signal, indicating a half life of 9.97 min. Intensity is given in arbitrary units.
Vol. 268 cation radical of 1,2,4,5-tetramethoxybenzene would be 2,5-dimethoxy-p-benzoquinone [7] . In accord with this expecta-tion, this quinone, as well as 4,5-dimethoxy-o-benzoquinone, was identified and quantified by hp.lc. The two products were formed in a ratio of approx. 4 (p-isomer): (a-isomer) and accounted for all the ring-derived product within experimental error. Virtually the same qualitative and quantitative results were obtained with lignin peroxidase, HRP and laccase. Furthermore, an experiment with HRP and I2HOshowed that the quinone oxygen atoms are derived from water (see Fig. 3 determined that 2 mol (1.9 + 0.2) of methanol are formed from each I mol of substrate oxidized.
pH optima
As a prelude to steady-state kinetic studies, the pH optima for the oxidation of 1,2,4,5-tetramethoxybenzene by HRP and laccase (Fig. 4) and of pentamethoxybenzene by HRP and lignin peroxidase (Fig. 5) were examined. Surprisingly, in all cases a low pH optimum was observed for the initial velocities. A similar pH-optimum profile was obtained for laccase A assayed with a Clark-type oxygen electrode (results not shown).
Steady-state kinetics
The data in Table I indicate substantial thermodynamic differences among the three enzymes. It was of interest therefore to compare kinetic parameters with substrates common to the enzymes, i.e. with methoxybenzenes of the lowest E, values. On the basis the pH-optima results above, and on previous investigations of the kinetic parameters of lignin peroxidase [15, 33] , the steady-state kinetics for the oxidation of 1,2,4,5-tetramethoxybenzene and pentamethoxybenzene were determined at pH 3 ( Table 2) . A saturating level of H20, (0.5 mM) was used with the peroxidases.
DISCUSSION
Our results show that 1,2,4,5-tetramethoxybenzene is oxidized by HRP and laccase in the same way as it is by lignin peroxidase, namely via formation of the aryl cation radical. With all three enzymes, the cation radical degrades to the same products, indicating that the enzymes all have the same effect. Results with H218O and the HRP reaction showed that the quinone oxygen atoms are derived from water, as they are in the lignin peroxidase-catalysed oxidation of the 1,4-congener (P. J. Kersten, unpublished work). On the basis of these results, we propose the sequence shown in Scheme I for the oxidation of 1,2,4,5-tetramethoxybenzene by the three enzymes.
There has been very little work to date on O-demethylation reactions catalysed by typical (non-ligninolytic) peroxidases such as HRP. The O-demethylation of9-methoxyellipticine derivatives by HRP/H202 [34] resembles that of the methoxybenzenes [7; the present study] in that the methyl group is lost as methanol and the quinone oxygen atom of the quinone-imine products is derived from water. In the 9-methoxyellipticine case, however, the authors [34] proposed that the addition of water to intermediates occurs after two-electron oxidation (and loss of a proton) without the involvement of cation-radical intermediates.
With the homologous series of methoxybenzenes, oxidizability by the three enzymes correlated with E, of the compounds and not with the methoxyl substitution pattern (see Table 1 ). Because the El values in Table 1 were obtained in acetonitrile with respect to a 2saturated calomel electrode [13] [36] .
Interestingly, the oxidation of 1,2,4,5-tetramethoxybenzene by all three enzymes was favoured at low pH. The low pH optima with the non-phenolic substrates suggest that oxidation is controlled by substrate-specific factors (e.g. stabilization of intermediates) that are favoured at low pH. The transient-state kinetics of lignin peroxidase compound I and compound II oxidation of veratryl alcohol likewise show a strong pHdependence with faster oxidations at lower pH values [37] .
